Heterocystous filamentous cyanobacterium Anabaena cylindrica B629 and nonheterocystous filamentous cyanobacterium Oscillatoria sp. strain Miami BG7 were cultured in media with N2 as the sole nitrogen source; and activities of oxygen-dependent hydrogen uptake, photohydrogen production, photooxygen evolution, and respiration were compared amperometrically under the same or similar experimental conditions for both strains. Distinct differences in these activities were observed in both strains. The rates of hydrogen photoproduction and hydrogen accumulation were significantly higher in Oscilatoria sp. strain BG7 than in A. cylindrica B629 at every light intensity tested. The major reason for the difference was attributable to the fact that the heterocystous cyanobacterium had a high rate of oxygen-dependent hydrogen consumption activity and the nonheterocystous cyanobacterium did not. The activity of oxygen photoevolution and respiration also contributed to the difference. Oscillatoria sp. strain BG7 had lower 02 evolution and higher respiration than did A. cylindrica B629. Thus, the effect of 02 on hydrogen photoproduction was minimized in Oscillatoria sp. strain BG7.
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Hydrogen photoproduction by photosynthetic microorganisms has been proposed as a source of energy and chemicals in the future (14-18, 20, 21) . One of the major obstacles in obtaining sustained H2 photoproduction is the photosynthetically produced 02. Nitrogenase or hydrogenase or both are involved in H2 photoproduction (12) , and those enzymes are oxygen sensitive. In cyanobacteria (blue-green algae), two major adverse effects of 02 on H2 photoproduction have been studied. One is the irreversible inactivation of H2-producing enzymes as mentioned above (6, 27) , and the other is the 02-dependent H2 uptake (H2 consumption) reaction (3, 28) .
A heterocystous filamentous cyanobacterium, Anabaena cylindrica, has been studied and is considered to be one of the best H2 photoproducers (1, 31) . It was reported, however, that high activity of 02-dependent H2 consumption existed in this cyanobacterium (2, 3, 13, 28) .
H2 photoproduction by the marine nonheterocystous filamentous cyanobacterium, Oscillatoria sp. strain Miami BG7 has been studied in our laboratory (11, 19, 20, 22, 25) . This nonhetrocystous cyanobacterial strain exhibited nitrogenase-catalyzed H2 photoproduction for several days in a closed vessel at a high rate (11, 19, 20, 25) . No H2 uptake activity was detected in this strain by gas chromatograph measurements (11 autotrophic conditions in media with N2 as the sole nitrogen source. 02-dependent H2 uptake activity and H2 photoproduction of these two strains were then compared amperometrically under the same or similar conditions. The results obtained are discussed in terms of their capability for net H2 production and H2 accumulation in the gas phase in closed vessels, which is considered to be a desired characteristic for practical application.
MATERIALS AND METHODS
Organisms and culture conditions. An axenic culture of Oscillatoria sp. strain Miami BG7 was maintained in 50-ml subcultures in medium A (pH 8.2). Cultures (10 ml) of organisms in the mid to late growth phase was inoculated into 1.25 liters of medium A-N (pH 8.2). The compositions of medium A and medium A-N were as described previously (11 (Fig. 1) . When 50 ,u of 02-saturated water was injected into H2-dissolved A. cylindrica suspension, H2 consumption began, and it ceased when the injected 02 was used up (Fig. 1A) .
When twice the amount of 02 (100 pA) was injected, H2 was consumed approximately twice as much. The rates of 02 and H2 uptake, calculated from the dotted lines a and b in Fig. 1 (Fig. 1B) .
Light intensity effect on hydrogen production. When hydrogen production was tested at different light intensities, the initial rates of hydrogen photoproduction between the two strains showed a significant difference (Fig. 2) . In A. cylindrica B629, a gradual increase of initial hydrogen production rates was observed with increasing light intensities.
At high light intensities (160 microeinsteins/m2 per s), inhibition of hydrogen production was seen after 2 min of illumination.
In Oscillatoria sp. Miami BG7, rates of hydrogen produc-. tion were significantly higher than those of A. cylindrica strain B629. The rates were 0.37, 0.61, 1.12, and 1 Hydrogen photoproduction in the two strains also was monitored over longer illumination periods (Fig.3) . In A. cylindrica B629, the inhibition of hydrogen production was more pronounced (Fig. 3) than that observed over short illumination periods (Fig. 2) In Oscillatoria sp. strain Miami BG7, much higher amounts of H2 were produced at higher rates than in A. cylindrica B629. At mid light intensity, no inhibition occurred in Oscillatoria sp. Miami BG7 (data not shown).
Simultaneous 02 and H2 production. Simultaneous production of 02 and H2 was monitored amperometrically for an illumination period of 30 min at high light intensities (Fig. 4  and 5) . In A. cylindrica B629 at 150 microeinsteins/m2 per s, 02 production exceeded that of H2. Initial rates of H2 and 02 production were 0.48 and 7.84 nmol/mg (dry weight) per min, respectively. Net H2 production stopped after 8 min of illumination.
When the accumulated 02 and H2 were removed from the vessel, a similar pattern of 02 and H2 production was reproduced.
In Oscillatoria sp. Miami BG7, oxygen production was not detected under mid or low light intensities, although high H2 production was observed (data not shown) which was at the same linear rates as in the experiments with short illumination periods as described above. At a high light intensity of 150 microeinsteins/m2 per s, a small amount of 02 was evolved simultaneously with a high rate of H2 production at rates similar to those of the experiment with a short illumination period as described above (data not shown). To observe the effect of 02 in Oscillatoria sp. strain Miami BG7, the experiment was carried out at very high light intensity to the results achieved in A. cylindrica at a high light intensity (Fig. 4) , H2 production far exceeded 02 production, even though a higher light intensity was used, in Oscillatoria sp. strain Miami BG7 (Fig. 5) . Initial rates of H2 and 02 production were 3.4 and 0.33 nmol/mg (dry weight) per min, respectively (Fig. 4) (Fig. 1 through 5 ). This heterocystous cyanobacterium had a high rate of 02-dependent H2 consumption activity (1.9 nmol of H2/mg [dry weight] per min), whereas the nonheterocystous cyanobacterium had none (Fig. 1) . It was shown that the oxygen-dependent H2 uptake reaction could couple to proton efflux and ATP formation by photosynthetic microorganisms (10, 23, 24, 28, 29) , and this may contribute to N2 fixation, but this reaction is not advantageous for hydrogen production and accumulation (12', 18) .
Although the initial rate of hydrogen photoproduction in the nonheterocystous cyanobacterium was saturated at relatively low light intensities of between 33 and 77 microeinsteins/m2 per s and the heterocystous cyanobacterium had a higher light intensity saturation (160 microeinsteins/m2 per s or higher) (Fig. 2) , the initial H2 photoproduction rates in this nonheterocystous cyanobacterium were much higher than in the heterocystous cyanobacterium at every light intensity tested (Fig. 2 through 5) . A gradual decrease in the rate of hydrogen photoproduction during the longer incubation period was seen under all light intensities tested in the heterocystous cyanobacterium (Fig. 4) , whereas the nonheterocystous cyanobacterium photoproduced H2 linearly under low and mid light intensities. Under high and very high light intensities some leveling off of activity was seen for the longer incubation times, but this leveling off was more pronounced in the heterocystous filamentous cyanobacterium. Thus, a remarkable difference was noted between the two strains in terms of H2 accumulation.
Results of this amperometric study agree with the results of long term studies by gas chromatography, in closed flasks, of heterocystous filamentous cyanobacteria (including A. cylindrica B629) carried out in other laboratories (2-5, 9, 13, 26, 32) and of nonheterocystous filamentous cyanobacterium Oscillatoria sp. strain Miami BG7 carried out in this laboratory (11, 19, 20, 22, 25) .
In agreement with this amperometric study, the hydrogen photoproduction by heterocystous filamentous cyanobacteria in a closed flask, as measured by gas chromatography, did not last long (2, 26, 28) , although it was longer than that in the H2-02 electrode system. The cause for this difference in duration of hydrogen photoproduction in the different systems may be that the partial pressure of dissolved H2 and 02, which could control the 02-H2 reaction activity, is lower in the cyanobacterial suspensions in the closed flasks than in the H2-02 electrode vessels. Nevertheless, H2 photoproduction stopped in a short period of time and then H2 consumption followed (2, 27, 28) , because of the 02-dependent H2 uptake activity of the heterocystous filamentous cyanobacteria.
This problem of heterocystous filamentous cyanobacteria has been reduced by using an assay in which the H2 and 02 gases produced by the cyanobacteria are continuously flushed out of the system with a flow of inert gas (e.g., Ar) (8, 31) . This technique reduces the reassimilation of H2, but only very dilute H2 gas could be obtained. From the standpoint of practical application, the additional concentration procedure for the diluted H2 gas may be inferior to a simple, straightforward H2 accumulation'procedure. Results of several studies have also shown that the oxyhydrogen reaction can be minimized by the addition of a CO-C2H2 gas mixture (3, 4) or an inhibitor of photosynthetic 02 evolution such as DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea; 26]. The addition of such compounds to the system may also be impractical in terms of application because of the potential environmental hazards.
In the nonheterocystous cyanobacterium Oscillatoria sp. strain Miami BG7, H2 production continued for several days at high rates (0.18 to 0.38 ,umol/mg [dry weight] per h or 180 to 260 ,umol/mg of chlorophyll per h), and a large quantity of H2 accumulated in closed vessels (0.33 to 1.07 ml of H2/ml of cell suspension per day [11, 19, 20, 22, 25] ). This cyanobacterium, when photoautotrophically cultured under combined nitrogen-limited conditions, showed significant reduction of photosystem II activity and light-dependent accumulation of glycogen in the cells at 60 to 65% (dry weight). This glycogen is used as the hydrogen donor in the light (11, 22) . The small amount of 02 photoproduced was taken up by high respiratory activity (Fig. 1) by this strain and not at the expense of H2 by O2-dependent H2 uptake activity, because this form of cyanobacterium lacks uptake hydrogenase activity (Fig. 1) . As previously discussed (18) , uptake hydrogenase activity can be expressed also by the ratio of hydrogen photoproduction activity to acetylene reduction activity, since hydrogen photoproduction of cyanobacteria is mediated by nitrogenase. This ratio in the nonheterocystous cyanobacterium Oscillatoria sp. strain Miami BG7 was 1.0 (18) , whereas calculations from the reports of heterocystous filamentous cyanobacteria in a closed flask study varied between 0.04 and 0.38 (18) .
In conclusion, the basic difference in these two forms of cyanobacteria is that the heterocystous filamentous cyanobacteria A. cylindrica B629'may produce H2 if the H2 APPL. ENVIRON. MICROBIOL. on October 28, 2017 by guest http://aem.asm.org/ Downloaded from and 02 are removed efficiently from the algal suspension or if the oxyhydrogen reaction is inhibited. Such a treatment is not necessary for sustaining the H2 production by nonheterocystous cyanobacterium Oscillatoria sp. strain Miami BG7. By proper choice of light intensity, the adverse effect of 02 is removed, and substantial production of H2 can be observed in the nonheterocystous filamentous cyanobacterium.
